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Summary

A direct calculation is made of the two dimensional magnetic
field from a conductor of wedge shaped cross section carrying a
uniform current distribution. For sufficiently small conductors
the wedge shape simulates the keystoned conductor used in doubler
type magnets. Fileld distributions are presented for the dual test
dipoles, the doubler dipole, and the muon beam line dipole. A
similar calculation representing the contribution of the magnet
ends to the longitudinally integrated fields is also given for
the same magnets.

Magnetic Field of Single Conductor in Doubler Geometry

Using complex notation the dipole magnetic field (H = Hx + iHy)

for variable current density conductors and images is given

by
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ductor located in the first gquadrant. See. Fig. 1 for geometrical

details.
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If J is either constant as in the two-dimensional case or
a function only of eo as 1s convenlent and reasonably realistic in
the case of the end contributions which will be treated later, it
is possible to integrate over the radial extent of the conductor.

Individual integrals become
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The resultant field from one conductor sultably located in
each quadrant to give a dipole field 1s
% 92
H (z) = —2iJ J(eo) R(z,eo)deo s (10)
8
1
where
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Since % occurs in the denominator of the S-expressions one must
evaluate these carefully for z = O. Thus
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For the case of constant current density it would be possilble to
carry out the eo—integration analytically. However, this is not
done since a numerical integration technique must be developed for

the variable case. Thus Eq. (10) is the final result for a single
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conductor in the first quadrant. Summation of similar
results for other conductors located in the first quadrant
gives the general result.

Longitudinally Integrated Magnetic Field

If a current distribution is localized in space and w is an
axial coordinate orthogonal to the transverse coordinates x and y,
Lambertson and others1 have shown that by integrating the field

equations along the w-axis from -« to +«

#i
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These equations may be put into the complex notation for ease of

calculation by defining

GX' = H, dw , (15)
[
Gy =.;_w Hy aw , (16)
and
e

Then, Egs. (13-14) become2 using G = GX + iGy.

9E - = -2mik (18)
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or, in integral form for the dipole symmetry considered here

(z is outside the current)
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By comparing this with Eq. (5) one sees that the longitudinally

integrated fields are distributed in the transverse coordinates

as in a two-dimensional problem. The integrated fields replace

the actual field and the integrated current density replaces the
normal current density.

Magnet End Development

The conductor placement at the ends of the magnet is con-

3

sidered to be developed® from a flat curve in which connection

between the two parallel sides is made by means of a semicircular

arc. The details of the dewelpped surface are presented in Fig.
After the layer of conductors has been unwrapped, the parallel
sides are described by
=1 T -5
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By assumption the unwrapped lager has a round end (Fig. 2b).

Hence the current density in the axial direction is

t
J =J_ cosp =4d e .
W o] o) 'W2+t2 (23)
Integrating this axlally gives
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Hence the contribution of a single end to the integrated current
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Note further, that any transverse straight section in the

s-direction may be added without affecting Eq. (27) other than

through the choice of origin of s.
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Application

Many factors are involved in arriving at a suitable
disposition of conductors. In general one desires the in-
tegrated fields to be as uniform as possible with a tolerance
level in AB/B definitely below 0.1% in the useful aperture.

The total amount of superconductor used to achieve the desired
central fileld must be kept to a minimum. This is accomplished
in these designs by using two different sizes of superconductor,
the large cross section being used in the highest field regions
and the smaller cross sectlion in the lower field regions. The
criterion for the wire choice in each region is that some
fraction of the critical current density must not be exceeded.
Another general consideration in line with the critical current
requirement stems from noting that the magnetic field at the
conductors in the end region tends to be higher than the central
field. This can be modified by choosing different axial lengths
for each layer, by terminating the iron shielding short of the
ends, and by "dogboning" the turns with the highest curvature.

There is no general method of optimizing the quality of the
integrated field that incorporates all of these considerations.

4

We chose to proceed as follows. Technical Services', using a
multipole expansion equivalent of the two-dimensional calculation
reported here carried out the initial exploration of conductor
locations in the body of the magnet and produced high field
quality choices consistent with allowing fluid passages and a
return bus conductor. These conductor locations were then in-

serted into LINDA, a magnetostatic iterative program, to determine

the dividing line between the use of the two conductor types.
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Technical Services again produced a high quality field utilizing
the restriction introduced by LINDA. Practical magnet ends
were then developed by Technical Services and modified after
LINDA runs of the end configurations suggested a reasonable
iron termination that would give no field rise over the central
field. The net configuration was examined for field quality
of the integrated fields. The difference between this quality
and the previous high quality two dimensional adjustments were
then used by Technical Services to obtain a field variation
that could just be compensated by the application of magnet
ends. This final configuration was tested by obtaining the
integrated fields. All the results presented here follow from
the above mentioned procedure.
Results

Computer output records all the necessary input and giving
median plane variation of the coil contribution,. image or iron
contribution, and resulting field. Two cases are considered
for the doubler, Mark I and Mark II. For each case the dis-
tribution of the median plane field within the magnet body
(Calculational Mode = 0) and the distribution of the median
plane integrated field (Calculated Mode = 1) is given. The
results for Mark II are definitely superior to those of Mark I
and it is expected that further fine adjustments will provide
even higher quality fields.

Similar results are given for the Mark I version of the

large aperture muon beam line dipole.
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Figure 1. Legend
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Figure 2a.

Unwrappérdg of Conductor (See Legend)
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Figure 2b.

Plan Viéw of Unwrapped Conductor

(See Legend)
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Flgure 2a. Unwrapping of Conductor (See Legend)
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Figure 2b. Plan View of Unwrapped Conductor
(See Legend)



DIRFCT INTEGRATION OF SHELL MODEL DOUBLER MAGNET Mark 1

GALCULATIAMAL MnDC - = i)
CONDUCTNR RURRENT(A) = 24915, 0000
SIMPSONS PULE INTERVAL tDFG) = 1. 0000
FLAT 3FND CENTER(INM) = Qs G009
LAYER TURNS cuUtOFN THETAS
{KAZIN/IN) (0E6G)
1 13,0090 26/4.02030 N G003
2 22.0070 04,2101 0.0700
3 16.0009 %07.4277 d.000d
4 4L, 0000 267.11K5 53,3961
5 2.0000 26%.1132  82.4773
6 3.0003 2A7.1543  Ad,.9%a1
7 1.0000 264,644 a1,1574
A $.0008 4074214  41.539%4
X (IN) BTAKG=-TH)
g.430000 ity 520710
.19908 il 41555
20304 b 4 1a3d
30008 NN SR
~Gauan -live 35262
»50300 ~4lhL 33018
600481 =40 e 29349
70001 —4.20513
81300 -4 23428
93000 -4l P20 4
1.09000 -i%e o481l
1.10708 -4ipy 12959
1.20030 SR {2
1.30000 ~17 . UBAT 4

~35.32926
-35.92419
-35.93924
-35.74522
~35.75344
~35.71576
-35.67395
~35.52366
-35.548390
-35.53$h62
~35,44558
~35, 42635
~35.74979
-29,24074

NUMY=R OF LAYF2S
REFERENCE RADIUS(I
HORTIZONTAL INGREMENTLIN)
TNSULATION THICKNESS{(IN)
THETAF SPAGER RINNFR
(DEG) (IN) (IN)
76.7019 0.00730 $8750
91.5719 0.0030 1094
13,2774 0.0900 1.253¢
A7.11563 0.03309 1.795 4
30.9972 0.0009 « 37510
T9.4379 0.009%2 1.0354
95,4032 (G.0000 »8739
47.7738 1.00404 1,253 80
AA(KG-IN)

B3 {KG-IN)

~8.531% &
-8,51236
-3,53511
-5.59971
~8.,6061 4
~R.01442
=8.52455
~3.07654
“8.H5039
=-3.60R12
-8.64373
~8.7037 4
~8.724606
~3.748010

o o0l

ROUTER
(IN)

1.0326
1L.2516

14045

1.2516
1.0326
1.2516
1.0365
1.4045

8
1.0000
«1000D
0015

LENGTH
(IN)

1.0300
1.01300
1.0000
1.0000
1,000¢0
1.0209
1.03340
1.030¢0

aN

1.0G6209
« 99491
«949F 3
«93919
» 99462
« 939796
49725
« 99652
« 995410
03509
v 33434
« 99345
«99221
« 85520

INNER IRON RADIUS(IN)
HORIZONTAL DFFSET(IN)

3.0000
«3750

_QI-

82Ho
48t~



CALCULATIONAL MODE

FLAT BEND CENTER(CIN)

LAYER TURNS

NS W

DIRECT INTEGRATION OF SHELL MODEL DOUBLER MAGNEY Mark II

= ]

CONDUCTOR CURRENT (A} = 2815,0000

SIMPSONS RULE INTERVAL (DEG)= 1.0000

= . _l.0000
CURDEN THETAS
(KAZIN/ZIN) . (DEG)
1h.OCUT  267.4469 J1BER
3.0000 267.4161 77.3493
1.0000 267.5583 45380
22.0000 407.5915 <131B
44,0000 266475069 53,0960
3.,0003 266.7939 75.h3uk
16,0060 4L06.9254 <1146
5.0000 407.0132 39,3049
X (N AT (KG-IN)
0.00060 -44, 37571
10000 ~Gi, ITH3S
«20000 . ~lly o ATIEY
30000 4G SETTL
40000 ~Lle FLLTT
50000 -t . 36515
60000 el e 36704
2707900 ~ul4 . 3674
83000 =4l a 55551
.99008 -44.32518
1.00000 -44,26335
1.10000 4415287
1.20000 “43,94330
1.30000 ~37.80176

NUMBLR OF LAYERS = = .. B
REFERENCE RANIUS(IN) = 1.0030
HORTIZONTAL INCREMENT (IN) = «1009
INSULATION THICKNESS(IN)} =, <0015
THETAF SPACER RINNER ROUTER LENGTH
{DEG) (IN) (IN) (IN) (IN)
6E. 4856 g.0000 «8750 1.0326 1.00C0
9C.1606 g.0500 «B750 1.6326 1.0000
98.7493 g.0000 «4892 1.0466 1.0000
51.7954 3.0000 1.0550 1.2512 1.0000
67.1392 0,0000 . 1.2950 1.2512 1.06000
8641614 0.0060 1.6950 1.2512 1.0040
3343805 0.0000 1.2%50 1.4105 1.0000
49. 5934 j.C0000 1.2558 . 1.4105. . 1.0000
BA(KG=IN) BS(KG~IN) 8N
=35.99964 ~8.37607 1.00000
-35. 39747 ~8.37658 + 99297
-35.39150 ~8.37929 »999489
-35.38373 ~8,38331 +99380
-39.97583 ~-8.38895 +499975 .
-35. 96836 -8,39619 +993786
-3%.30193 -8,40505 +«39340
~35.75071 ~83.41653 «999773
-35.32789 ~B.227862 «99354
~35,48385 -8.44133 «93386
-35.30667 ~3.45667 « 99747
-35.57923 ~8.473064% » 99498
~35.45106 ~8.49224 «99026
~-29,.28929 -8.51247 +85188B

INNER IRON RADIUS(IN)
HORIZONTAL OFFSET(IN)

oM

3.0625

«3750

-(1-

geho
GBI ~WiL



CALCULATIONAL MODE = 1
CONDUCTOR CUPRRENT{4} .= 2815.0009
SIMPSONS RULE INTERVAL (DEGY= 1.0000
FLAT BEND CENTER(IN) = 0,0000.

LAYER TURNS CURDEN THETAS

(KAZIN/ZINY. (CEG) _

1 16.0000 267.4469 <1662

2 3.0000 267.4161 7743493

3 1.0000 267.5543 94,5380

4 22,0000 407.5915 <1318

5 4.0000 266.7569 53.0960

6 3.0000 266.7939 75.6304

7 16,0000 406.9258 1106

8 5.0080 4L07.0132 33,3049

X{IN) 3TIKG~IN)

6.00000 -11793.72067

«10000 -11798.26452

«20000 ~19797.04738

«300090 =~11795.47259

«40000 ~13796.50004

«50000 -19792.8€361

«6003C0 -11791.75391

«720600 ~10737.H61123

»20000 ~10734.61675

.30000 ~10774.,32625

1.03000 ~10755.69237

1.19000 ~19724.261645

1.20000 ~11667.16459%

1.33000 ~9131.96758

DIRECT INTEGRATION OF SHELL MODEL DOUBLER MAGNET Mark EI

NUMBER OF LAYERS
REFERENCE RADIUS(IN)
HORTZONTAL INCREMENT(INY
INSULATION THICKXNESS(IN)
THETAF SPACER RINNER
(DEG) (IN) {IN)
68,4855 0.00040 <8750
9C.1606 - 0.00u0 8750
98.7493 0.0000 <8892
51.7954 0.0000 1.695¢0
67.1392 1.0000 1.09%0
Ab.1614 g.0000 1.0950
33.3805 G.0000 1.2550
49,5980, 0.0600 1.255%0
DA (KG~IN) A3 (KG-IN})

-8759.60174
~3758.95109
-8757.15291
-8754.50740
~8751.77619
-B8744,33235
-3745,64607
~-8740.97724
~3733.0661%
-8719.4K837
-5697.13569
-8561.61332
~3500.31455
~71089.95890

~2039.11849%
~2039.31293
~2033.39497
-2040.36519
«2342.22364
~2343.37125
~2040.1078%
~2048.53409
-2351.59057
-2054.35789
~20%8.55668
~2062.24763
-2067.13141
=20372.008868

‘Lel1d5

8
1.0000
«1000
«01015

ROUTER
(IN)

- LENGTH
(IN)

1.0326
1.0326
l.dtte
1425142
1.2512
1.2512

239.5450
239.54560
239.5460
241.1230
241.12310
241.1230
2u0.8060
1.4%135 243,8060
BN

1.30000
«99336
«99985
«99370
« 338356
« 99346
«99335
«99416
«933369
«99774%
«99602
«99310
«98782
«85028

INNER IRON RADIUS(IN)
HORIZONTAL OFFSET(IN)

Hon

3.0625
«3750

-8'[_

geho
Gt =L



CALCULATIONAL MQDE
CONDUCTOR CURRENT(A)

SIMPSONS RULZ

FLAT BEND GCENTER(IN)

LAYER TURNS

Vi O

1

2380.0010

INTERVAL LJIES) ~1.0000

0.0000
CURDEN THETAS
{KAZIN/TINY (DEG)
L8.0003 224.5244 <0630
1.003060 224.6759 334150
50,0000 342.5520 .0573
16,0000 224.3136 55,6858
33.0000 342.5236 0516
X{IN) T LKG-TN)
6.00000 ~5078.21529
«10000 ~5078«27443
OZUUUD '50(%1‘#‘#350
.30000 ~507, 71484
<4000 -5U073. 37340
«50000 =5371.50401
«500017 ~5073.97167
700209 =~53G3%7. 46472
~-80000 ~50343,3%239
«330600 =2034,41355
1.00000 ~5081.87548
1.103CC0 ~5082.17207
1.20000 ~5032. 435702
1,30000 ~5032./1068
1.40000 =5082.68179
1.500080 ~5082.6L473
1.603008 ~9032. 47477
1.730G68 -5082.16410
i1.40000 =503leh7371
1.33000 -5040,97354
2.10000 =507, 61650
2.20000 ~3fi70.7%h06
2.30000 «~3074.24257
2.40000 -5073.83729
24.50008 =50hhehH2:2
2.60000 -5060.65209
2.703000 ~5053.14626
2.30090 -5043.513%6
299700 -5031.2C918
J.00000 =~5015. 43274
3.100080 ~4334,.66175
3.20000 “4363.51933

3.30000

=4317.58157

DIRECT INTEGRATION OF SHELL MOOZL MUON MAGNET MARK I

NSYDER DF LAYERS
REIFERENCE RADIUSULIN)

HIXTZONTAL INCREMSINT(LIN)

INSULATION THIGKNESS (IN)
THETAS SPAGFR RINNER
(IEG) (I (IN)
87,3895 0.0000 2.2500
95,2139 C.2003 2.2590
55.0858 0.9600  2.4653
82,2997 0.0000 2+4650
33,3237 0.0000 2.6220

PA(KG-IN) A3 (KG-IN)Y

=3787.02242
~3787.531380
378755474
~3787.58331
-3737.7020%
-3787.,h3133
-3787.52843
-3737.48874
~3737, 24747
-578h, V8102
-3786,36818
-3785,6909)
-378%.3304064
-3783.78719
-3782.5389%
-3781.17%549
-37794349567
~377T7. 146742
-3775.2644L1
~3772.74105
-3769.33163
=3706%» 44569
-3762. 46260
«3757.7275%
~3/52.54687
-3745.183932
-373h,35353
-37?2R. 71287
-3714,341893
=33349.19570
=3380., 47266
~-3556.55032
~3627.35117
-2373.15129

~1230.594548
-1230.54313
-1230.78A76
-1291,93153
~12914371438
~1291.,3UR869
-1292,.34324
-1292.37578
-1293.73492
“1294,53232
-1295.45768
~1296,40114
~1297.503104
«1298,32350
~1360.162481
~1301.56125
-1363.47910
~-1304.59668
-1306.414L30
-1308,23223
-1510.15101
-1312.17081
-1314.2%266
“1316.91516
~1318.96042
~1371.26830
-1323.794915
-1376,43333
~1329,17137
~1332.313u48
-1334,36009
-13384.0115%
-1341.16815
~1344,43028

w9 H

ROUTER
(IN}

2.4131
2.4121
2.0179
2.6179
27747

5
242501
«1000
«0015

LENGTH
{IN)

129.6000
123.0000
122.9930
124,4060
122.9930

IN

1.00000
L.00001
1.00094
1.00%10
1.900017
1.00325
1.30335
1.00744
1.00754
1.00353
1.00071
1.00174
1.00333
1.00387
1.00183
1.301%7
1.0UnAa4
1.00074
1.00104
1.00154
1.0033%
1.00308
« 3933971
«939322
«93356
« 93768
«99354
«93506
«93317
«Y374
«38764
«33355
« 97741
«85022

TNNER TRON RADIUSIIN)
HORIZONTAL OFFSET(IN)

Hn

5.7500
1.0009

-OZ_

G8-NL



